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a-helices. TM a-helices are generally composed of a core of largely hydrophobic amino acids, with basic and aromatic amino
acids at each end of the helix forming interactions with the lipid headgroups and water. In contrast, the S4 helix of ion channel
voltage sensor (VS) domains contains four or five basic (largely arginine) side chains along its length and yet adopts a TM orien-
tation as part of an independently stable VS domain. Multiscale molecular dynamics simulations are used to explore how
a charged TM S4 a-helix may be stabilized in a lipid bilayer, which is of relevance in the context of mechanisms of translo-
con-mediated insertion of S4. Free-energy profiles for insertion of the S4 helix into a phospholipid bilayer suggest that it is ther-
modynamically favorable for S4 to insert from water to the center of the membrane, where the helix adopts a TM orientation. This
is consistent with crystal structures of Kv channels, biophysical studies of isolated VS domains in lipid bilayers, and studies of
translocon-mediated S4 helix insertion. Decomposition of the free-energy profiles reveals the underlying physical basis for TM
stability, whereby the preference of the hydrophobic residues of S4 to enter the bilayer dominates over the free-energy penalty
for inserting charged residues, accompanied by local distortion of the bilayer and penetration of waters. We show that the unique
combination of charged and hydrophobic residues in S4 allows it to insert stably into the membrane.INTRODUCTIONMembrane proteins account for nearly a quarter of all genes
(1) and are major targets for several classes of drugs (2).
However, much remains to be understood concerning their
structure and stability. Most membrane proteins have trans-
membrane (TM) domains made up of bundles of hydro-
phobic a-helices. Indeed, the overall hydrophobicity of an
a-helix in a membrane protein determines whether or not it
inserts into the lipid bilayer. A survey of integral membrane
proteins suggests that most TM helices have hydrophobic
cores with aromatic and/or positively charged residues
located toward the bilayer/solvent interface where they act
as anchors by interacting with water and the lipid headgroups
(3). It is interesting to note that somemembrane proteins have
one or more positively charged residues (especially arginine
(Arg)) apparently buried within the hydrophobic membrane
core. This is the case in the voltage-sensor (VS) domain (4)
of voltage-activated potassium channels. This and other
related examples require a closer examination of the nature
of interaction of basically charged residues with lipid
bilayers.
The voltage-activated potassium (Kv) channel is the best
understood member of the family of VS domain proteins
(5). The S4 helix of the VS domain contains an array of
basic residues, typically around four to five Args, in an
otherwise hydrophobic a-helix. Crystal structures of Kv
channels suggest that the S4 helix adopts a TM orientation
(6,7). This TM orientation of S4 is at odds with the energetic
penalty for exposure of charges to the hydrophobic environ-Submitted December 30, 2009, and accepted for publication December 2,
2010.
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0006-3495/11/01/0410/10 $2.00ment of the bilayer core (8). Thus, S4 provides a specific test
case for how a charge-containing TM helix may be stabi-
lized within a lipid bilayer.
Recent studies of translocon-mediated insertion suggest
that the S4 helix of Kv channels may insert into a membrane
with a small free-energy barrier, ~þ0.5 kcal/mol (9). Molec-
ular dynamics (MD) simulations of S4 inserted across a lipid
bilayer suggest that local deformation of the membrane
results in an extensive network of hydrogen bonds (H-bonds)
between the basic residues of S4, and lipid headgroups and
bilayer-penetrating water molecules (10). However, based
on simulation studies of simpler model systems, it has been
shown that inserting charged residues into a membrane
would incur a significant free-energy barrier (11,12). For
example, MD simulations predict a free-energy barrier of
~15–17 kcal/mol for inserting a single protonated Arg side
chain into lipid bilayers (12,13). Of course, the situation
may be more complicated for TM helices such as S4, which
contain multiple Arg side chains due to nonadditive effects
(13). Thus, the physical basis for the apparent TM stability
of S4 remains unclear.
We have investigated the interaction of S4 with the
membrane via MD simulations. To achieve this, we used
a serial multiscale approach (14), combining extended
(microseconds) coarse-grained (CG) (15–21) simulations
with atomistic (AT) MD simulations to efficiently explore
S4/bilayer/water configurations. This enables us to estimate
a 1D free energy/potential of mean force (PMF) profile to
ascertain the thermodynamics of S4/bilayer interactions.
Adopting a multiscale approach was crucial, as accurate
estimation of free energies presents sampling and conver-
gence challenges. CG simulations provided an initial view
of how S4 interacted with the membrane, which wasdoi: 10.1016/j.bpj.2010.12.3682
S4 Helix Insertion 411subsequently refined with AT simulations. We have success-
fully applied this serial multiscale approach to improve the
free-energy estimate of a peptide toxin binding to lipid bila-
yers (22). In comparison to other related MD simulations of
S4/membrane (10) and voltage sensor/membrane (4,23,24)
interactions, the simulations presented here are over more
extensive timescales (microseconds versus nanoseconds),
are based on two levels of representation (CG and AT),
and moreover, they address S4 stability in a membrane via
the evaluation of free energies. Our data suggest that it is
thermodynamically favorable for S4, with its charges, to
adopt a TM orientation. We analyze the underlying forces
governing the free-energy profile and propose that the S4
helix possesses a combination of charged and hydrophobic
residues that allows it to insert stably in the membrane.THEORY AND METHODS
Umbrella sampling MD simulations to derive CG
and AT PMF profiles
For each CG PMF profile (for the Kv1.2 and KvAP S4 helices, separately,
in each case with a palmitoyloleoyl phosphatidylcholine (POPC) bilayer
containing 256 lipids), we used 130 independent simulations (windows)
along z, spaced 1 A˚ apart, to sample from the extracellular solvent, across
the POPC bilayer, and into the intercellular (IC) solvent (z ¼ 65 to 65 A˚;
the bilayer center is at z ~ 0 A˚). At both limits, S4 was beyond the interac-
tion cutoff with the bilayer. For each window, a simulation of duration 80 ns
was employed. An identical initial orientation of S4 with respect to the
bilayer was used in all CG simulations. The helix was able to locate its
optimal orientation over the time course of all CG simulations. As a further
test, we repeated the CG PMF simulations but with S4 in a different initial
orientation to reveal negligible differences in the free energies (Supporting
Material). We discarded the first 40 ns of each window as equilibration;
thus, each CG profile utilized distributions from 40 to 80 ns.
To generate the starting configurations for the AT PMF windows (Kv1.2
S4 helix with a POPC bilayer), we clustered the trajectory of the correspond-
ing CGwindow on the basis of S4 orientation (from 40 to 80 ns) and selected
themedian coordinates, which represent the systemwith themost frequently
observed orientation of S4. We then converted membrane and solvent to an
AT representation. To convert the CG lipid to an AT model, energy-mini-
mized AT lipid fragments were aligned to the CG particles, with the missing
atoms between each particle extracted and appended to theCG lipids. TheAT
lipids were then energy-minimized to remove any clashes that resulted from
the conversion.We performed a least-squares fit of the crystal structure of the
Kv1.2 S4 helix to the median CG helix coordinates. Thus, any membrane
deformation and penetration of waters into the membrane were preserved
in the CG-to-AT conversion, permitting shorter AT equilibration times. We
used 130 AT windows along z, spaced 1 A˚ apart (z ¼ 65 to 65 A˚). For
each window, a simulation of duration 10 ns was employed. The first 5 ns
of each window was discarded as equilibration; thus, the AT profile utilized
distributions from 5 to 10 ns.We achieved good sampling in both CG andAT
simulations and obtained Boltzmann-like distributions from all umbrella
sampling windows.
We obtained coordinates of the S4 helices from the Protein Data Bank
(KvAP, PDB code 1ORS (25), and Kv1.2, PDB code 2A79 (6)). Both S4
helices were of 23 residues, spanning residues 112 to 134 in KvAP
(sequence GLGLFRLVRLLRFLRILLIISRG, where hydrophobic residues
are in italic and basic residues in bold), and 289 to 311 in Kv1.2 (sequence
SLAILRVIRLVRVFRIFKLSRHS). Modeler 8v1 (26,27) was used to
model side chains not resolved in the crystal structure of Kv1.2 S4. The
CG force field used (15), derived from one originally developed for semi-quantitative lipid simulations (16), is based on a 4:1 mapping of heavy
atoms, in a similar spirit to other recent CG models (17–20). This force
field has been parameterized to reproduce transfer free energies from water
across a lipid bilayer (15). Thus, each amino acid was represented with one
CG backbone particle and between one and two CG side-chain particle(s)
depending on residue size. Secondary structure was maintained via the
application of harmonic potentials (force constant 2.4 kcal mol1 A˚2)
between the CG backbone particles on the basis of H-bonding along the
helix backbone, as observed in the crystal structures. We tested the sensi-
tivity of the free energies to the treatment of secondary structure in the CG
simulations (which is difficult because of the inherent simplification) by re-
estimating the CG PMF profile of Kv1.2 S4 with an alternative treatment of
secondary structure (an elastic network model (ENM); see the Supporting
Material) to reveal minor differences in free energies. AT simulations
utilized the GROMOS96 force field (28) and Berger parameters for
POPC lipids (29,30). CG and AT membranes consisted of 256 lipids. We
used a harmonic biasing potential in the umbrella sampling simulations
(force constant 2.4 kcal mol1 A˚2), and an implementation of the
weighted histogram analysis method (WHAM) (31) to unbias the distribu-
tions (Alan Grossfield (University of Rochester Medical Center); membra-
ne.urmc.rochester.edu/Software/WHAM/WHAM.html), with a tolerance
of 0.0001. The basic residues of S4 were kept protonated (i.e., charged)
in all simulations. The simulations utilized a TM potential of 0 V
(i.e., no TM potential was applied).Simulation protocol
MD simulations were performed with Gromacs 3.3.3. Each AT system was
solvated with SPC waters. Cl counterions were added to keep each CG
and AT system electrically neutral. Each simulation was temperature
coupled with a Berendsen thermostat (32) to a reference temperature of
310 K, with a coupling constant tT of 1.0 and 0.1 ps for CG and AT, respec-
tively. Semi-isotropic pressure coupling with a Berendsen barostat (32) in
x and y (membrane normal along z) at 1 bar with a coupling constant tP of
1.0 ps, and a compressibility value of 5.0  106 and 4.6  105 bar1 for
CG and AT, respectively, was used. In the CG simulations, electrostatic
(Coulombic) interactions were shifted to zero between 0 and 12 A˚, and
van der Waal’s interactions were shifted to zero between 9 and 12 A˚, with
a relative dielectric constant of 20. The AT simulations utilized the particle
mesh Ewald (PME) method (33), employing a grid spacing of ~1 A˚1 and
an interpolation order of 4. A cutoff of 12 A˚ was used for the real space
portion of the Ewald sum and the Lennard-Jones interactions. The LINCS
algorithm (34) was applied to constrain all covalent bonds, and the SETTLE
algorithm (35) was used to maintain the geometry of the water molecules in
the AT simulations.RESULTS
Free-energy profiles
Our reaction coordinate (z) is the position, parallel to the
membrane normal, of the center of mass (COM) of S4
with respect to the COM of the membrane. Thus, at either
limit, i.e., z ¼ 560 A˚, the S4 helix was located in water,
whereas at z ¼ 0 A˚ the S4 helix spanned the bilayer. The
change in free energy, DG, is with respect to S4 at the limits,
when located in water. The CG PMF profiles (total simula-
tion time of 21 ms) revealed that it was favorable by
41 kcal/mol for the Kv1.2 S4 helix to partition from water
to a membrane interfacial location at z ¼518 A˚ (Fig. 1 A),
with the helix axis aligned parallel to the bilayer surface.
The S4 helix was oriented with its backbone close toBiophysical Journal 100(2) 410–419
FIGURE 1 (A) PMF/free-energy profiles for the S4 helices of Kv1.2 and
KvAP across a membrane. The reaction coordinate z is the position, parallel
to the membrane normal, of the COM of S4 with respect to the COM of the
membrane. The membrane center is at z ~ 0 A˚. Free energies were derived
using CG and AT MD simulations with explicit membrane and solvent. The
basic residues of S4 were charged. The CG and AT simulations utilized
a pure POPC bilayer. The gray regions indicate the approximate locations
of the lipid phosphates. (B) Snapshots of the Kv1.2 S4 helix at local and
global minima in the CG and AT profiles. The helix backbone is cyan,
and Arg and Lys residues are blue and red, respectively. POPC phosphorus
atoms and phosphate moieties (in CG and AT, respectively) are colored
orange. Waters are red and white. Waters near Arg and Lys residues are
green. All other lipid atoms/particles are not shown.
412 Wee et al.glycerol groups of the lipids, with the basic side chains
directed toward the lipid phosphates, and the hydrophobic
side chains directed toward the lipid tails (Fig. 1 B). It is
significant that a local minimum, less stable than the inter-
facial minima byþ5 kcal/mol but more stable than the helix
in water by 36 kcal/mol, was also revealed. This corre-
sponded to z ¼ 0 A˚, with the S4 helix in a TM orientation.
From visual inspection, it is clear that the membrane was
locally deformed when S4 was in a TM orientation (as
seen in previous CG studies (36)).
To evaluate the robustness of our approach, we calculated
the CG PMF profile for the S4 helix of the archaeal Kv
channel KvAP (25). The overall PMFs for S4 of KvAP and
Kv1.2 were very similar, but the TM orientation for KvAP
was ~2 kcal/mol more stable than for Kv1.2. This differ-
ence can be reconciled if one recalls that the S4 helix of
KvAP contains five Arg residues compared to six basic resi-
dues (5 Argþ 1 Lys) in S4 of Kv1.2. We emphasize that our
CG PMF profiles were well converged due to extensive
sampling, as is evident from the symmetry of the profiles
on either side of the membrane (see Supporting Material
for convergence tests). Nonsampled degrees of freedom, in
particular, helix orientation with respect to the membrane,
equilibrated in the CG simulations, and this is why theBiophysical Journal 100(2) 410–419PMF profile is symmetric despite an asymmetric distribution
of residues in the S4 sequence. We repeated the CG simula-
tions with S4 in a different initial orientation to test whether
we could capture other favorable helix orientations to reveal
negligible differences in the free energies (Supporting Mate-
rial). As a further test of the methodology, we calculated the
CG free energy of taking the S4 helix of Kv1.2 from water to
the headgroup/tail interface via an alternative sampling
protocol (thermodynamic integration; Supporting Material)
to derive a DG of 415 1 kcal/mol (5 SD).
We used the trajectories of the CG simulations to guide
the setup of the corresponding AT simulations of Kv1.2
S4 and a POPC bilayer. We searched >~3  106 configura-
tions of S4 in the CG simulations to identify favorable
orientations of the helix (with respect to the membrane)
at each point along reaction coordinate z. We are confident
that the CG simulations can sample relevant helix orienta-
tions. The CG simulations show that S4 adopted one domi-
nant and favorable helix orientation at each point along z as
it interacted with the membrane, and it is this orientation
that is explored within the AT simulations. We show that
the helix orientations predicted by the CG simulations
correlated closely with the AT simulations (Supporting
Material). This allowed us to derive a meaningful 1D AT
PMF profile, as helix orientation is an important, non-
sampled, orthogonal degree of freedom that crucially needs
to equilibrate, and may be difficult to achieve over acces-
sible AT timescales. Block analyses revealed that the AT
profile was well converged (Supporting Material). The AT
free-energy profile (total simulation time of 1.3 ms) resem-
bles the CG profile in showing minima corresponding to
both interfacial and TM orientations of the S4 helix, but
the AT and CG profiles differ in their relative energies of
these two orientations. Thus, in the AT profile we see meta-
stable (~38 kcal/mol relative to in water) minima/shoul-
ders at z ¼ 513 A˚, with the S4 helix axis aligned
parallel to the membrane surface near the lipid glycerols,
and the Arg and Lys residues exposed to the lipid phos-
phates and solvent (Fig. 1 B). (The shift in the location of
the interfacial minima by 5 A˚ between the CG and AT
profiles is accounted for by differences in the equilibrium
thickness of the CG and AT membranes). S4 remained
helical over the time course of our simulations, even
when located in water, as (unlike the case in CG simula-
tions) no additional restraints were applied to maintain hel-
icity in the AT simulations.
The global minimum in the AT profile corresponds to S4
in a TM orientation, with a DG of 45 kcal/mol in taking
the Kv1.2 S4 helix from water to the bilayer center (z ¼
0 A˚). With S4 in this TM orientation, the helix tilt angle
was 25, which is comparable to ~35 in the crystal structure
of Kv1.2 (6). Local bilayer defects and water penetration
into the hydrophobic core were observed, as in an earlier
study of S4 in a bilayer (10), thus providing a locally favor-
able environment for the basic residues.
S4 Helix Insertion 413Decomposition of the AT free-energy profile
We investigated the individual components of the S4/
membrane/water interactions by decomposing the AT PMF
profile (Fig. 2):
Wa-bðzÞ ¼ Wa-bðz0Þ 
Z z
z0
hFabðzÞidz;
where Fa-b is the instantaneous force acting on the helix
COM due to component a of the helix interacting with
component b of its environment. Thus, we decomposed
the AT PMF profile into contributions arising from the inter-
actions between the basic (b) (i.e., Arg and Lys) and the
nonbasic (nb) (all other residues, which are predominantly
hydrophobic) residues of S4 with lipids (l) and solvent (s)FIGURE 2 Decomposition of the AT PMF profile of Kv1.2 S4 interact-
ing with a POPC bilayer to reveal contributions arising from the basic (b)
(i.e., Arg and Lys) and nonbasic (nb) (all other residues, which are predom-
inantly hydrophobic) residues of S4 interacting with lipids (l) and solvent
(s) (i.e., water and counterions). W denotes free energy. (A) Wb-l, Wb-s,
Wnb-l, and Wnb-s. (B) Wb-l þ Wb-s and Wnb-l þ Wnb-s. (C) Wb-l þ Wb-s þ
Wnb-l þ Wnb-s. Analyses performed over 5–10 ns (i.e., the equilibrated
period) per umbrella sampling window.(i.e., water and counterions): Wb-l, Wb-s, Wnb-l, and Wnb-s.
Note that in calculating these terms for the interaction of
S4 residues with the bilayer and solvent environment, the
energetic cost of perturbing the environment (i.e., deforma-
tion of the bilayer and penetration of water molecules) is
hidden (12).
It is evident (Fig. 2 A) that interactions between the basic
residues and the environment (i.e.,Wb-l andWb-s)were approx-
imately an order of magnitude larger than those arising from
the hydrophobic residues (i.e., Wnb-l and Wnb-s). The large
and positiveWb-s values toward 0 A˚ represent the free-energy
cost of (partially) dehydrating the basic residues of S4. It is
significant that toward 0 A˚, Wb-s began to plateau (i.e.,
hFbsi tends to zero). This is because as the helix adopted
a TM orientation toward 0 A˚, waters penetrated from both
sides of the membrane, resulting in a mean net force on the
helix COM of zero. It is also significant that interactions
between the basic residues and lipids made a negative (i.e.,
favorable) contribution to the PMF (Wb-l). This is because
electrostatic interactions (between the basic residues and the
lipid headgroups) dominated, and the membrane was able to
deform near the helix to maintain such interactions (see
below). Thus, interactions between the basic residues of S4
and the membrane stabilized the helix. This is consistent
with a number of recent experiments indicative of functionally
important interactions between the basic side chains of S4 and
the phosphate groups of lipids (37,38). If we sum Wb-l and
Wb-s, we get an overall free energy barrier of þ113 kcal/mol
for taking the basic residues of S4 from water to the center
of the membrane (Wb-l þ Wb-s; Fig. 2 B).
Although there is a small barrier (Wnb-l ¼ þ23 kcal/mol
at 10 A˚) in taking the hydrophobic residues of S4 past
the lipid headgroups, the nonbasic/lipid interactions are
favorable to S4 insertion (18 kcal/mol at 0 A˚; compared
to water). However, as expected, the dominant term is the
favorable removal of the hydrophobic residues of S4 from
water, making a major negative contribution to the PMF
(Wnb-s ¼ 135 kcal/mol at 0 A˚). Thus, summing Wnb-l
and Wnb-s, it is overall energetically favorable (Wnb-l þ
Wnb-s¼153 kcal/mol at 0 A˚) to take the hydrophobic resi-
dues of S4 from water to the bilayer center, despite water
penetration and bilayer distortion (see below) due to the
basic residues. Thus, although there is a free energy penalty
for taking the basic residues of S4 into the membrane, this is
compensated for by the free-energy gain of taking the
hydrophobic residues of S4 away from water into the bilayer
core (as shown in Fig. 2 C, which is a reconstruction of the
PMF from the total mean force). A picture therefore
emerges wherein as a result of its combination of charged
and hydrophobic residues, the S4 helix of Kv channels is
uniquely poised to insert stably in lipid bilayers in a TM
fashion despite carrying charged cargo. This is consistent
with recent high-resolution structures of Kv channels where
the S4 helix can be seen to adopt a TM orientation and
interact with a number of lipid molecules (6,7).Biophysical Journal 100(2) 410–419
FIGURE 4 (A) Arg and Lys side chains of S4 interacting with bilayer-
penetrating water molecules (red and white bonds) and phosphates (orange
414 Wee et al.Thus, large individual free-energy terms (i.e., on the order
of ~103 kcal/mol in Wb-l and Wb-s) cancel to give an overall
free energy of S4 insertion two magnitudes smaller (i.e., on
the order of ~101 kcal/mol), and we emphasize that the
magnitude and overall balance of these terms are deter-
mined by the parameterization of the AT force field. We
also decomposed our CG PMF profiles (Supporting Mate-
rial). As anticipated from the study of Vorobyev et al.
(39), this revealed that the simplified (cutoff) treatment of
electrostatic interactions typically used in CG simulations
introduces approximations into the interactions between
the basic residues of S4 and the lipid headgroups and water
that results in the metastable local minimum at 0 A˚ (see
above), compared to the global minimum at 0 A˚ in the AT
profile.spheres) of lipids. (B) Hydrogen-bonding between the basic residues of S4
and its environment (i.e., POPC phosphates and carbonyls, and waters) with
the helix inserted in a TM orientation. Mean5 1 SD. Analyses performed
over 5–10 ns.
A microscopic view of the biophysical
phenomena that stabilize S4 in a lipid bilayer
We restrict our subsequent analyses to the AT simulations of
the Kv1.2 S4 helix when located at the global minimum
(z ¼ 0 A˚). We calculated the thickness of the POPC bilayer
as defined by the lipid phosphorus-to-phosphorus distance
between opposite leaflets (dpp) as a function of distance in the
bilayer plane from the COM of S4 (Fig. 3). Away from the
helix, dppwas ~36–40 A˚, which corresponds to an unperturbed
bilayer. Near S4, dppwas ~20 A˚, corresponding to a local thin-
ning of the bilayer by ~16–20 A˚. Thus, lipid phosphates were
pulled toward the membrane center as a result of favorable
electrostatic interactions with the basic residues of S4,
increasing exposure of the basic residues to water as a result
(Fig. 4). We note that the deformation of the bilayer structure
decayed to zerowell before the boundary of the periodic simu-
lation box. Membrane deformation was present in the corre-FIGURE 3 Bilayer deformation near the Kv1.2 S4 helix in the AT simu-
lations when S4 was located at its global minimum (0 A˚; i.e., S4 inserted in
a TM orientation), shown by the lipid phosphorus-to-phosphorus distance
(dpp) (i.e., between opposing leaflets) as a function of radial distance
from the COM of S4.
Biophysical Journal 100(2) 410–419sponding CG simulations but to a more limited extent (see
Supporting Material). Deformability of the membrane in our
simulations is consistent with a crystal structure of a chimeric
Kv channel with lipids bound, where lipids encircling the VS
domain were displaced away from their equilibrium positions
due to interactions with the channel (7), and with the structure
observed in a number of earlier simulations, both atomistic
(10,23,40–42) and CG (36,43).
It is evident that the basic side chains of S4 also snorkelled
toward the solventwhen the helix was inserted in a TMorien-
tation (Fig. 4). To explore further the role of side-chain orien-
tation in stabilizing the helix in the membrane, we analyzed
(Fig. S8 in the SupportingMaterial) the first two dihedrals (c1
and c2) of the basic side chains of S4 (with the helix at 0 A˚).
When S4was inwater, the side chains explored awide spread
of orientations. With the inserted TM helix, the distributions
of rotamers observed were more limited and corresponded to
the side chains directed outward toward solvent (c2 ~ 180
).
This was particularly the case for the more buried side chain
of R300, which was locked in an outward configuration
(toward the extracellular solvent; Fig. 4 A) by lipid head-
groups and penetrated waters. The side chain of R303,
unresolved in the crystal structure of Kv1.2, was modeled
with an initial c1 of ~300
 and c2 of ~180, but over the
time course of the simulation, c2 tended toward ~300
 indic-
ative of side-chain snorkelling toward the IC solvent. The
side chain of R309, also unresolved in the crystal structure,
was located in the IC interfacial region and exhibited a larger
spread of rotamers (c2 ~ 60
 and 180; modeled with an
initial c1 of ~180
 and c2 of ~180). The distribution of ro-
tamers for R294, R297, and R300 (these side chains are
resolved in the crystal structure) is consistent with the crystal
structure of Kv1.2 S4.
We counted H-bonding interactions between the basic side
chains of S4 and their environment (i.e., lipid phosphates, lipid
carbonyls, and waters) (Fig. 4 B) that could stabilize the helix
S4 Helix Insertion 415in the membrane. As expected, the Args of S4 H-bonded with
waters, with residues located toward either terminus forming
the greatest number of H-bonds (approximately three). It is
interesting that even the buried Args (i.e., R300 and R303)
were able to form, on average, more than one H-bond with
water, indicative of membrane deformation and water defects
in the bilayer due to the presence of the charged helix.
However, R300 and R303 formed the most H-bonds with the
lipid carbonyls (approximately two), again consistent with
local bilayer deformation. The basic side chains also formed
an average of ~0.5–0.75 H-bonds with the lipid phosphates.
Overall, this network of H-bonds between the Arg and Lys
residues and their environment is made possible by the local
bilayer deformation and is one of the bases of charge stabiliza-
tion within the membrane (10,37).Comparison with translocon-mediated insertion
Although we resist oversimplistic comparisons of simulation
results with the data from translocon-mediated insertion,
a more nuanced interpretation of the latter data (as in, e.g.,
Hessa et al. (44) andEnquist et al. (45)) aids the interpretation
of the simulations. In the translocon-mediated studies,
a DGAPP was calculated from an apparent equilibrium
constant, KAPP, for membrane insertion of a given helix.
The latter is calculated as KAPP ¼ f1x/f2x, where f1x and f2x
correspond to the fractions of singly and doubly glycosylated
membrane proteins (45). If we compare DGAPP ¼
RTlnKAPP with DG values for transfer from water to the
hydrophobic core, we are implicitly equating the doubly gly-
cosylated state (represented by f2x) with the test helix in bulk
aqueous solution. However, the f2x standard state may just as
well correspond to a (nonmembrane) helix somewhere
within the translocon or a nonhelical state of the peptide
sequence in an aqueous environment. This complicates
a direct comparison of the calculated PMFs with DGAPP.
There is, however, an important indirect comparison that
can be made. The translocon-mediated membrane insertion
efficiency depends critically on the position of different
amino acid side chains within the peptide sequence. For
example, for KvAP S4, shifting outward from the center of
the helix, two of the Arg residues changes DGAPP
from þ0.5 kcal/mol to 0.0 kcal/mol (9). This strong depen-
dence of the exact position of the Arg residues is consistent
with the complex balance of hydrophobic and polar interac-
tions of side chains and lipids seen in this study. It also has
been observed in combined simulation and NMR studies of
a model hydrophobic peptide containing a single Arg residue
at different positions within the hydrophobic a-helical
core (46).
The free energies calculated from our PMFs seem to
imply that the bulk water and surface-bound states of S4
would be visited with a vanishingly low probability. In
contrast, the experimental results indicate that although
the TM and non-TM states may coexist, the non-TM stateis favored (9,47,48). For example, efficiency of membrane
insertion for Shaker S4 is ~10% (48). However, this
apparent paradox can be resolved by a careful comparison
of our calculations with the assumptions underlying the
interpretation of the experimental data. As noted above,
our PMF is for an S4 helix along a reaction coordinate cor-
responding to translation of the COM along the bilayer
normal. Thus, we do not allow for possible unfolding of
the S4 helix when in the aqueous phase. Although the nature
of the partition event in the translocon-mediated insertion
experiments remains uncertain, it is unlikely to correspond
to that of a folded helix in an aqueous environment to an iso-
lated transbilayer helix (49).
One can also explore the possibility that the partition
event in translocon-mediated insertion corresponds to that
of an unfolded peptide in an aqueous environment to a
folded TM helix. From considerations of thermodynamics
(see, e.g., White and Wimley (50) for a more detailed
analysis):
DGfðc; aqÞ/ ða;TMÞg ¼ DGfðc; aqÞ/ ða; aqÞg
þ DGfða; aqÞ/ ða;TMÞg
¼ DGfðc; aqÞ/ ða; aqÞg
 45 kcal=mol;
where c¼ coil, a¼ a-helix, aq¼ aqueous, and TM¼ trans-
membrane. Now, if one equates the Hessa et al. (44) estimate
of þ0.5 kcal/mol for inserting the KvAP S4 helix into the
endoplasmic reticulum (ER) membrane with DG{(c, aq)/
(a, TM)}, one obtains a value of þ45.5 kcal/mol for
DG{(c, aq)/ (a, aq)}, i.e., for the free energy of folding
of an S4 helix in water. This value has not been measured
experimentally. However, it is reasonable to assume, based
on the extensive literature (both experimental and computa-
tional) about the thermodynamics of a-helix folding (see,
e.g., Taylor et al. (51) and Gnanakaran et al. (52)), a value
of between 5 and þ5 kcal/mol, i.e., very different from
that obtained from the above analysis. This in turn implies
that one cannot simply equate the Hessa DGAPP with DG
{(c, aq)/ (a, TM)}.
Thus, there are two experimental structural observations
for S4, namely, 1), that S4 can form an a-helix at
a membrane interface (from NMR, e.g. (53)), and 2), that
S4 can form a TM helix (from the x-ray structures of Kv
channels). The PMF presented above is consistent with
both of these. Furthermore, the apparent disagreement
with the translocon-mediated insertion data may also be
accommodated in the context of uncertainty concerning
the reference state in these experiments.DISCUSSION AND CONCLUSION
We have used explicit membrane and solvent CG and AT
MD simulations to study how the S4 helices of Kv channelsBiophysical Journal 100(2) 410–419
416 Wee et al.interact with lipid bilayers. The PMF profiles show that it is
thermodynamically favorable for S4, along with its posi-
tively charged residues, to insert in a TM orientation into
a POPC bilayer rather than to remain in water. Although
this may appear counterintuitive (11), decomposition of
the AT PMF profile revealed that the preference of the
hydrophobic residues of S4 to escape water dominates
over the free-energy penalty for inserting Arg residues
into the membrane. Although we acknowledge that free-
energy decomposition results should be interpreted with
care, we note that they have given insightful results, e.g.,
in a recent study of the energetics of tilting of a model
TM helix (54). In the case of S4, these calculations indicate
that the penalty for inserting Arg residues into a bilayer is
reduced by the deformability of the membrane, which also
enables the penetration of waters into the hydrophobic
core to provide a micropolar environment for the Arg side
chains. It is the overall balance of charged versus hydro-
phobic residues that ultimately determines whether a helix
can insert into a membrane.
It is perhaps also surprising that the interfacial location of
the S4 helix is stabilized significantly relative to the helix in
bulk water. We suggest that hydrophobic effects also are the
key to stabilization of S4 at the membrane/water interface.
In this location, with the principal axis of S4 aligned parallel
to the membrane surface, and with the majority of the
charged residues of S4 positioned on the same face of the
helix, S4 was aligned such that the charged residues re-
mained exposed to solvent, yet the hydrophobic residues
were directed toward the hydrophobic lipid tails. In contrast,
in bulk water, the hydrophobic residues are solvent-exposed.
The result that the DG for transfer of an S4 helix from an
interfacial location to a TM location is closer to 0 kcal/mol
than had been anticipated appears to be quite robust. Thus,
both CG simulations (which are well sampled but which use
an approximate force field) and AT simulations (where
sampling is more of an issue, hence the multiscale approach,
but for which the force field is more accurate) yield a picture
that is broadly consistent with the available experimental
data on S4 (9,47). Although we have considered S4 in isola-
tion (i.e., without the remainder of the VS) in this study, we
can nevertheless attempt to link insights gained to proposals
as to how Kv channel VS domains may interact with a lipid
bilayer. One may argue that, from a reductionist perspective,
it is important to explore the insertion of an isolated S4 helix
into a lipid bilayer to better understand the structure, func-
tion, and stability of the VS domain as a whole.
More generally, our PMFs provide an interesting perspec-
tive on the biological hydrophobicity scale of Hessa et al.
(44) which was derived by challenging the translocon with
a series of amino acid sequences in a test TM segment to
determine the apparent free energy of inserting amino acids
into the ER membrane. At first glance, there is some
discrepancy between biological free energies and those
derived from MD simulations (12,13). In the case of aBiophysical Journal 100(2) 410–419lone, protonated Arg side chain, atomistic MD simulations
predict a penalty of þ15 to þ17 kcal/mol (12,13) compared
to only þ2.5 kcal/mol in the translocon experiments (44).
However, the penalty falls to þ3 to þ5 kcal/mol if Arg is
introduced into a membrane with a mass fraction of ~50%
of other TM helices (55), indicating that changes in the
immediate environment of a side chain can alter the ener-
getics of insertion and thus complicating a direct interpreta-
tion of the translocon data. Hessa et al. have used translocon
experiments to estimate a free energy of þ0.5 kcal/mol for
inserting the KvAP S4 helix into the ER membrane (9).
However, a direct comparison of the current simulations
and the translocon experiments is rather misleading (this
is discussed in more detail in the Supporting Material and
Table S1). Rather, the PMFs reported here should be thought
of as exploring the origin of the (meta)-stability of a transbi-
layer S4 helix observed in a number of simulation studies
(e.g., (10,36,56)) and of the energetic causes and conse-
quences of the resultant bilayer distortions. This in turn
may help to inform ongoing experimental and simulation
studies of the more complex situation of a membrane-span-
ning voltage sensor domain (4,23,24,36,57,58).
In terms of methodology, we must address any CG bias in
the derivation of our AT free-energy profiles. It has been
shown that CG simulations underestimate the barrier of
membrane insertion of a single protonated Arg side chain
(15,39). Despite this, AT simulations, based on starting
configurations predicted by CG simulations, showed little
deviation in terms of helix orientation relative to the
membrane (Supporting Material), and in terms of micro-
scopic phenomena (i.e., membrane deformation and water
penetration) that stabilized S4. Operating within the limita-
tions of the CG force field, we have tested the robustness of
the CG free-energy profiles to initial helix orientation, and
we are confident that the CG simulations can sample rele-
vant helix orientations.
It is also important to emphasize the need for a multiscale
approach (59), as it would be difficult to obtain meaningful
and converged free energies using AT simulations in isola-
tion, without guidance fromCG simulations. Such amethod-
ological framework will become increasingly important in
future simulation studies of membrane/protein systems.
We have kept the basic residues of S4 protonated (i.e.,
charged) in our simulations. This assumption may not be
unreasonable, as recent theoretical studies suggest that
Arg remains protonated till the center of a membrane, where
protonated and deprotonated forms are equally favorable
(60). Of course, our simulations do not account for possible
shielding of the S4 charges from the membrane by the
remainder of the VS (61), as can be observed in recent
crystal structures of Kv channels (6,7), which could further
stabilize S4 in the membrane.
We also note that the choice of a suitable reaction coordi-
nate is difficult for complex membrane systems. We selected
a reaction pathway along the bilayer normal, as this was
S4 Helix Insertion 417natural for investigating themembrane insertion ofa-helices.
We have also maintained the S4 peptide in an a-helical
conformation. Thus, it should be emphasized that what we
report are the PMFs for a folded S4 helix along a reaction
coordinate corresponding to the COM of the helix moved
along the bilayer normal, thus enabling comparison with
a number of recent simulation studies of related, if somewhat
simpler, TM helix systems (12,15,62). We are therefore not
attempting to explore helix unfolding/refolding in the pres-
ence of a lipid bilayer, which has been studied for simple
hydrophobic helices (see, e.g., Ulmschneider et al. (63)).
We show in Fig. S3 that the rotational degree of freedom of
S4waswell sampled and can equilibrate over the timescale of
each umbrella sampling simulation. In particular, when S4
was located inwater, it rotated randomly.When S4 interacted
with the membrane, there was a dominant orientation for the
helix with respect to the membrane. As a further test
(Fig. S6), we reestimated the CG PMF profile of KvAP S4
with a different initial orientation with respect to the
membrane. This revealed a negligible change in the PMF
profile. We also visually monitored helix conformation as
a function of z. With S4 in water, side chains sampled awider
range of conformations compared to when S4 was in the
membrane. When S4 was at z ¼ 0 A˚, the basic side chains
snorkeled toward the solvent and side-chain conformations
were more limited (Fig. S8). In the AT simulations, S4 re-
mained helical and extended and did not unfold at all z values,
evenwhen inwater.However, the timescale (10 ns) is limited,
and sowe must stress (as noted above) that the reaction coor-
dinate is for the COM of an a-helix along the bilayer normal.
We note that a recent study (63) of simple hydrophobic
helices has demonstrated that rather more extended (duration
~1 ms) AT simulations are needed if the reaction coordinate is
to be extended to include folding/unfolding of a peptide as it
partitions between water and the bilayer. In the CG simula-
tions, S4 was more flexible when in water and kinked to
a degree about F302. This kinking motion was well sampled
in the CG simulations. S4 remained unkinked when in
the membrane in the CG simulations. Taken together, we
are confident that with our choice of reaction coordinate z,
the nonsampled degrees of freedom can equilibrate and the
PMF profiles have converged.
In conclusion, a recurring theme from simulations of S4
helices and of Arg side chains in lipid bilayers, both from
this and previous (10,12,13,36) studies, is how the apparent
plasticity of the membrane and the formation of water
defects may play a role in accommodating charges within
the membrane. This suggests that the membrane should be
considered a structural extension of a membrane protein
(10), and it correlates well with a number of studies demon-
strating the sensitivity of Kv channel gating to changes in
lipid environment (37,38,64,65). Thus, it is important that
we reevaluate our understanding of the membrane stability
of charge-containing TM fragments from a thermodynamic
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